A composite consisting of 30 wt% SiC whiskers and a mullitebased matrix (mullite-32.4 wt% ZrO 2 -2.2 wt% MgO) was isothermally exposed in air at 1000°-1350°C, for up to 1000 h. Microstructural evolution in the oxidized samples was investigated using X-ray diffractometry and analytical transmission electron microscopy. Amorphous SiO 2 , formed through the oxidation of SiC whiskers, was devitrified into cristobalite at T > 1200°C and into quartz at 1000°C. At T > 1200°C, the reaction between ZrO 2 and SiO 2 resulted in zircon, and prismatic secondary mullite grains were formed via a solutionreprecipitation mechanism in severely oxidized regions. Ternary compounds, such as sapphirine and cordierite, also were found after long-term exposure at T > 1200°C.
I. Introduction
C ERAMIC-MATRIX composites toughened by SiC whiskers are possible candidates for use in high-temperature environments. [1] [2] [3] [4] [5] [6] [7] Thus, the oxidation behavior of these composites at high temperatures is of great concern. 8 -17 Previous studies 6 -9,14,15 have indicated that the oxidation behavior and mechanical properties of SiC-whisker or particulate-reinforced ceramic-matrix composites are strongly affected by the reaction between the oxidation product (i.e., SiO 2 ) and the matrix.
Porter and Chokshi 6 and Becher and Tiegs 7 suggested that the mechanical properties of SiC-whisker-reinforced Al 2 O 3 are related to the oxidation of SiC whiskers and to the subsequent reaction of SiO 2 with the Al 2 O 3 matrix. Some studies 8 -10 revealed that the parabolic rate constants of SiC in an Al 2 O 3 or mullite matrix were much higher than those expected for the oxidation of bulk SiC, because a liquid aluminosilicate phase was formed following the reaction between the oxidation product and the matrix. Tsai and co-workers 15, 16 reported that various oxidation modes were operative in mullite/ZrO 2 /SiC composites, depending on the ZrO 2 content. Those researchers also found that the oxidation mode could be affected, because of the zircon formation, by the reaction between SiO 2 and ZrO 2 . However, very little detailed description of the resultant microstructures and the oxide-formation mechanisms has been provided to date, even though such description is crucial to a full understanding of the oxidation behavior of composites with SiC reinforcements.
Recently, Lin et al. 17 described the microscopic mechanisms of the oxidation of SiC whiskers in mullite-matrix and ZrO 2 -containing mullite-matrix composites, mainly based on transmission electron microscopy (TEM) observations of individual oxidized SiC whiskers at various depths. Those studies focused on the early stages of oxidation, in locations where unoxidized SiC was still available.
The purpose of the present study is to explore the microstructural variations caused by the interdiffusion and chemical reactions between the oxide product and the matrix during the long-term oxidation of SiC-whisker-reinforced mullite/ZrO 2 composites. The microstructures of the oxidized samples of various composites after exposure in the temperature range 1000°-1350°C, for up to 1000 h in air, were studied using X-ray diffractometry (XRD), TEM, and energy-dispersive spectroscopy (EDS).
II. Experimental Procedure
The matrix of the composite was prepared by the sol-gel process, starting with the alkoxides of silicon, aluminum, zirconium, and magnesium. The matrix consisted of mullite-32.4 wt% ZrO 2 -2.2 wt% MgO. After 30 wt% SiC whiskers (Silar SC-9, Arco Chemical Co., now Advanced Composite Materials Corp., Greer, SC), had been incorporated into the alkoxides, the mixtures were hot-pressed (Model No. 1-2300, Centorr Furnaces/Vacuum Industries, Inc., Nashua, NH) in graphite dies lined with graphite foil at 1400°C, under 34.5 MPa, for 20 min in an argon atmosphere. The crystalline phases (determined by XRD) of the hot-pressed samples included mullite, tetragonal and monoclinic ZrO 2 , SiC, and traces of spinel and zircon, as described by a previous study. 18 Composite samples measuring ϳ10 mm ϫ 6 mm ϫ 3 mm were exposed isothermally in air, at temperatures ranging from 1000°to 1350°C, for up to 1000 h. Before exposure, all of the surfaces were ground on SiC sandpaper from 240 grit to 600 grit, in sequence, and polished with 3 m diamond paste on nylon cloth. Samples were inserted into a box furnace (Model No. 51333, Lindberg Corp., St. Louis, MO) preheated to the desired temperature. The exposed samples, as well as the hot-pressed samples, were characterized by XRD, as described elsewhere. 17 Both cross-sectional 
III. Results and Discussion
(1) XRD Analyses Table I shows the relative XRD intensities of various phases in the hot-pressed and exposed samples. The reaction of the oxidation product(s) and the matrix was insignificant at 1000°C, even though SiC whiskers were completely oxidized at the outer surface. At temperatures of Ͼ1200°C, the reaction of the oxide layer of SiC whiskers with the matrix produced new phases. The formation of ternary sapphirine and/or cordierite phases was caused by the reactions among MgO, Al 2 O 3 , and SiO 2 , while the reactions between ZrO 2 and SiO 2 and between MgO and Al 2 O 3 resulted in zircon and aluminum-magnesium spinel, respectively. The amorphous background intensity at 20°Յ 2 Յ 30°in the XRD spectra at 1350°C for 260 or 1000 h was caused mainly by the amorphous aluminosilicate phase, formed through the reaction of SiO 2 , Al 2 O 3 , and other impurities, while the background in the same angles from the sample after exposure at 1000°or 1350°C for 1 h was caused by the amorphous SiO 2 oxidation product.
(2) TEM Observation
(A) Devitrification of Silica: When SiC-whisker-reinforced mullite-matrix composites were exposed to high-temperature oxidizing environments, SiC whiskers in the outer region were oxidized via an oxygen-inward diffusion mechanism. The oxidation of SiC whiskers is expressed by the following reaction:
The oxidation product of SiC whiskers was amorphous SiO 2 . However, after long periods, the amorphous SiO 2 devitrified into various polymorphic forms of crystalline SiO 2 , depending on the exposure conditions. Figure 1 (a) shows several low-quartz grains, marked "Q," in the composite after exposure at 1000°C for 1000 h. Presumably, those grains experienced the high 3 low displacive transformation at ϳ573°C when they were cooled to room temperature. 20 Inset at the upper right corner of Fig 
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(B) Formation of Aluminum-Magnesium Spinel: As mentioned elsewhere, 18 MgAl 2 O 4 spinel with stoichiometric composition uniformly existed in the matrix of the hot-pressed samples as separate (ϳ0.2 m) grains. Figure 2 shows that a significantly larger amount of MgAl 2 O 4 spinel in the outer oxide layer of the sample formed after exposure at 1200°C for 500 h. The formation of spinel required a sufficient amount of MgO, probably supplied by exsolution from the mullite matrix and/or long-range diffusion across the sample. In the stoichiometric spinel, only one-eighth of the tetragonal interstitial sites and one-half of the octahedral interstitial sites were occupied. Therefore, a solid solution of various elements in spinel was expected. 
The aluminum-magnesium spinel had a very representative composition of (in wt%) 23.2 MgO, 69.9 Al 2 O 3 , and 6.9 SiO 2 . This composition corresponded to MgO⅐1.18Al 2 O 3 , with some SiO 2 in solid solution. In contrast, no silicon was detected in the spinel by EDS analysis of the hot-pressed sample, as mentioned elsewhere.
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(C) Formation of Sapphirine: Because the XRD spectrum of sapphirine is very similar to that of MgAl 2 O 4 spinel, it is difficult to distinguish between the two spectra by the XRD analysis only. However, sapphirine was easily recognized under TEM, as well as EDS, because of its special features. In the present study, sapphirine was found in the samples after exposure at 1200°C for 500 h and at 1350°C for 1 h. The formation of sapphirine is related to the spinel by the following reaction:
The 2:2:1 ratio is only approximate. The actual composition of sapphirine has a very wide range, which can be expressed by a general formula: Mg 7 Al 22Ϫx Si 0.75x O 40 , with 1.5 Յ x Յ 5.6. 27, 28 In the present study, the composition of sapphirine was estimated using the Cliff-Lorimer method. The measured x value range was 2.8 -4.8.
The most common polytypes in sapphirine are sapphirine-1Tc and sapphirine-2M. The former has a one-layered structure along b*, with b Ϸ 0.72 nm; the latter has a two-layered structure, with b Ϸ 1.44 nm.
29 Figure 3(a) shows the image of the sapphirine in the composite after exposure at 1200°C for 500 h. The sapphirine had a characteristic needlelike shape, with the needle axis parallel to a*. Twin boundaries also were revealed. For convenience, the SADP of the sapphirine (inset in the upper right corner) was indexed as having a monoclinic unit cell. However, the unit cell was identified as triclinic twinned sapphirine-1Tc, with a (010) twin plane. The superlattice spots of l ϭ 2n ϩ 1 were weaker than the basic spots of l ϭ 2n. However, they displayed the true periodicity of the unit cell along b* and the streaking caused by the stacking disorder. 29 In the present study, high-resolution TEM techniques were attempted to explore the stacking sequence on an atomic scale, and the result indicated that the sapphirine found was basically the twinned 1Tc form (Fig. 3(b) ).
Barbier and Hyde 30 described sapphirine as a regular intergrowth at the unit-cell level of the slabs of the spinel and clinopyroxene structures. The ideal stoichiometric sapphirine can be written as follows: However, in the present cases, spinel was embedded in sapphirine, as shown in Figs. 4(a) and (c) . Figure 4(a) is the bright-field image, and Fig. 4(c) displays the dark-field image obtained by the (2 20) diffracted spot of spinel. This image implies that spinel may be the precursor of sapphirine, as mentioned above. The SADP in Fig.  4(b) indicates that the orientation relationships between spinel and sapphirine are ͗110͘ sp ʈ ͗100͘ sapph and {1 10} sp ʈ {010} sapph .
In the present study, we also found that sapphirine structures were unstable under strong heating of the electron beam. The clinopyroxene became amorphous under the intensive electronbeam heating, and the spinel was simultaneously transformed into micrograins. 
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There are two common polymorphic forms of cordierite: 31, 32 high cordierite, with a hexagonal crystal structure, and low cordierite, with an orthorhombic crystal structure. The hexagonal-to-orthorhombic transformation involves the Al,Si ordering, which is characterized by the splitting of the (211) peak of the hexagonal cordierite into (151), (241), and (311) of the orthorhombic cordierite in the XRD spectrum. Distortion indexes, ⌬, were defined by Miyashiro 33 and measured by Putnis and co-workers, 34, 35 who found ⌬ ϭ 0 in the hexagonal cordierite and ⌬ Ϸ 0.25 in the orthorhombic cordierite, with intermediate values for the continuous Al,Si ordering sequence from high to low cordierite. Measured distortion indexes indicate that the cordierite exposed at 1200°C for 500 h or at 1350°C for 260 h was hexagonal (corresponding to ⌬ ϭ 0.07 or ⌬ ϭ 0.00), whereas that exposed at 1350°C for 1000 h was orthorhombic (⌬ ϭ 0.19). Figure 5 shows the microstructures of the cordierite formed under different exposure conditions. Figure 5 (a) displays the hexagonal cordierite (marked "C"), along with several needlelike sapphirine grains in the sample, after exposure at 1200°C for 500 h. A defect-free and homogeneous microstructure was observed. The cordierite formed at 1350°C for 260 h is shown in Fig.  5(b) . This cordierite had a characteristic tweedlike microstructure. The "threads" lay on the {11 10} or {2 110} planes, as indicated by the streaking in the SADP. Figure 5(c) shows that the cordierite in the composite after exposure at 1350°C for 1000 h usually contained defects, such as dislocations, elongated loops, dipoles, and -type boundaries, as described by van Roermund and Konert. 36 Subgrains in cordierite also were observed in the present study. The SADP in Fig. 5(d) shows the split diffraction spots caused by the low-angle (ϳ2°) boundary. Spherical ZrO 2 particles frequently were observed embedded in cordierite. The ZrO 2 acted as a nucleating agent of cordierite, as is the case in the cordieriteZrO 2 glass-ceramic system. [37] [38] [39] The sequence for the phase transformation of cordierite during oxidation at T Ն 1200°C can be described as follows: hexagonal cordierite 3 modulated hexagonal cordierite 3 orthorhombic cordierite. This sequence is consistent with the result reported by Putnis. 34 At temperatures between 1050°and 1445°C, the first crystallization product of the stoichiometric magnesium-cordierite invariably was hexagonal cordierite, which eventually transformed, on annealing, to orthorhombic cordierite via an intermediate modulated structure.
Cordierite grains had a rodlike appearance, presumably "inherited" from that of sapphirine, as shown in Fig. 5(c) . The axes of the rodlike cordierite crystals in Fig. 5(c) are parallel to c*. This orientation implies that cordierite was formed from sapphirine, simply by the incorporation of additional SiO 2 , supplied by the further oxidation of SiC whiskers. Thus, the formation of cordierite can be illustrated by the following reaction:
(E) Formation of Anorthite: SiC whiskers contained calcium-rich inclusions in the core region. 18 CaO was produced by the oxidation of these calcium-rich inclusions; however, it did not exist in its free state in the exposed samples but was dissolved into the SiO 2 , a product of the oxidation of SiC whiskers. The melting point of the SiO 2 was lowered by dissolving CaO or other impurities. This impurity-bearing liquid phase was retained as glassy phases after the samples had been cooled to room temperature. However, CaO and the aluminosilicates also could react to become anorthite (CaAl 2 Si 2 O 8 ).
Anorthite has two or three polymorphic forms: 40 it experiences the series of C1 3 I1 3 P1 or I1 3 P1 transformations when cooled from melts to room temperature. The C1 3 I1 transformation is caused by Al,Si ordering, whereas the I1 3 P1 is a displacive ordering of the Ca 2ϩ cation at ϳ240°C. Twinned anorthite grains, shown in Fig. 6 , were found in the sample after exposure at 1200°C for 500 h. From the inset SADP, the grains were identified as P1 anorthite, 41, 42 with the twin plane parallel to (010). Different domains in the anorthite phase had a similar crystallographic orientation but with angle differences of several degrees (mosaic structure). Also shown in Fig. 6 is a glassy phase (marked "G") abutting the anorthite and containing a significant amount of CaO.
(F) Formation of Zircon: Zircon formation was caused by the reaction of ZrO 2 and the oxidation product, SiO 2 : Figure 7 shows a zircon grain with an imbedded residual ZrO 2 particle. The morphology of zircon and ZrO 2 suggests that zircon 6 . Anorthite (marked "An") in the sample after exposure at 1200°C for 500 h; SADP was identified as a mixture of C1 anorthite and P1 anorthite, with the twin plane parallel to (010) (A ϭ (020) and B ϭ(022); region marked "G" is a glassy phase).
Fig. 7.
Zircon grain with an embedded residual ZrO 2 particle in the sample after exposure at 1350°C for 1000 h.
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formation is caused by inward diffusion of the Si 4ϩ . The formation mechanism of zircon is described as follows: 43, 44 (1) Silica diffuses to the surface of ZrO 2 .
(2) Zircon forms, according to the chemical reaction in Eq. (6) .
(3) Silicon and oxygen diffuse inward through the zircon layer to the interface of zircon and ZrO 2 , where the reaction continues.
Zircon was found only in samples exposed at temperatures Ն1200°C. At T ϭ 1000°C, the diffusion rate of SiO 2 was too low for any appreciable reaction between ZrO 2 and SiO 2 .
The residual ZrO 2 particle in zircon suggests an incomplete reaction between ZrO 2 and SiO 2 ; thus, the silicon diffusion rate in zircon probably is very slow, even at 1350°C. The low diffusion rate in zircon can be explained by the dense crystal structure of zircon, which consists of four zirconium atoms and four SiO 4 tetrahedra in a unit cell. Zircon forms at the expense of zirconia, a high-diffusivity path of oxygen. This reaction explains why the oxidation rate of composites could dramatically decrease following the formation of zircon. 15, 16 (G) Formation of Secondary Mullite: Figure 8 shows several prismatic mullite grains and a glassy phase that formed at the outer part of the oxide layer after exposure at 1350°C for 1000 h. In contrast, mullite grains were equiaxed, with no glassy phase in the as-hot-pressed composites, as mentioned elsewhere. 18 The prismatic morphology, together with the grain-boundary glassy phase, suggest that these prismatic mullite grains were secondary and formed via the solution-reprecipitation mechanism. 45, 46 As the oxidation of SiC whiskers proceeded, the average composition changed in the direction of increasing SiO 2 . Because impurities, which were incorporated into SiO 2 and/or mullite, caused the change in chemical potential of these phases, interdiffusion between SiO 2 and mullite could occur, whereby aluminosilicate compounds were formed. Furthermore, impurities lowered the eutectic point of the mullite and SiO 2 . After a liquid phase had formed at the interfaces, the solubility of the solid phase increased, thus expediting matter transport, followed by rapid grain growth. Consequently, prismatic secondary mullite grains formed only near the severely oxidized surface. Significant compositional changes, which occurred in the oxidized regions of the composites, had an effect on the long-term oxidation of the composites. The transformation routes followed during the long-term oxidation of SiC-whisker-reinforced mullite/ MgO-partially stabilized ZrO 2 composites can be described as follows. The original matrix was composed of mullite (3Al 2 O 3 ⅐2SiO 2 ), spinel (MgAl 2 O 4 ), and a small amount of sapphirine. The composition is designated point A in the Al 2 O 3 -SiO 2 -MgO ternary phase diagram, as shown in Fig. 9 , and is located very close to the alkemade line connecting mullite and spinel. On the surface of the exposed sample, the amount of SiO 2 increased because of the oxidation of SiC whiskers; MgO was enriched by long-range diffusion or exsolution from mullite grains. Thus, the composition moved from points A to B, located inside the spinel-sapphirine-mullite triangle.
This movement from point A to point B indicates that spinel and sapphirine are two predominant oxidation products in the early stage, as observed earlier. Then, with the approximately fixed ratio of Al 2 O 3 and MgO, further increase in SiO 2 made the composition move along the line BS. Depending on the extent of oxidation, two different situations could occur: If the new composition was point C inside the mullite-cordierite-sapphirine triangle, then sapphirine and cordierite would coexist in the oxide layer, as in the sample exposed at 1250°C for 500 h. With further oxidation of the SiC whiskers, the composition would shift to point D inside the mullite-cordierite-silica triangle. Thus, cordierite would be the only MgO-Al 2 O 3 -SiO 2 compound in the severely oxidized surface, as in the sample exposed at 1350°C for 1000 h.
IV. Conclusions
(1) In the exposed samples, amorphous SiO 2 formed because of the oxidation of SiC whiskers. After extended exposure, the amorphous SiO 2 devitrified into cristobalite at T Ն 1200°C or quartz at lower temperatures.
(2) The matrix was stable at 1000°C. At T Ն 1200°C, the reaction between ZrO 2 and SiO 2 resulted in zircon, and prismatic secondary mullite grains seemed to form via the solutionreprecipitation mechanism in the severely oxidized samples.
(3) During exposure at T Ն 1200°C, the reaction between MgO and Al 2 O 3 produced an aluminum-magnesium spinel. Further addition of SiO 2 to the spinel caused the formation of sapphirine and/or cordierite.
(4) The significant compositional changes, which occurred in the oxidized regions of the composites, clearly affected the long-term oxidation of the composites.
